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Abbreviations  32 
 33 
13CO2      Carbon-13C dioxide 34 
14CO2     Radiocarbon dioxide 35 
CA     California 36 
CARB     California Air Resources Board 37 
CIT     California Institute of Technology 38 
CEM     Cement production 39 
COM      Commercial 40 
CO2     Carbon dioxide 41 
EDGAR     Emission Database for Global Atmospheric Research  42 
ffCO2     Fossil fuel CO2 43 
GHGs     greenhouse gases 44 
IND     Industrial  45 
IPCC     Intergovernmental Panel on Climate Change 46 
LSM     Land surface model 47 
MOB      On-road mobile  48 
MYNN2    Mellor–Yamada Nakanishi Niino 2 49 
NOAA     National Oceanic and Atmospheric Administration 50 
NOM      Non-road mobile 51 
PBL     Planetary boundary layer 52 
PG&E     Pacific Gas and Electric 53 
PST     Pacific Standard Time 54 
SBC      San Bernardino 55 
SFBA     San Francisco bay area 56 
SFBI     Scaling factor Bayesian inversion 57 
SoCAB     South coast air basin 58 
STILT     Stochastic Time-Inverted Lagrangian Transport 59 
UN     United Nations 60 
US     United States 61 
UTC     Coordinated Universal Time 62 
UTL      Power production 63 
RES      Residential 64 
RMS     Root mean square 65 
RMSE     Root mean square error 66 
WRF     Weather Research and Forecasting 67 
WGC      Walnut Grove  68 
YSU     Yonsei University 69 
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Abstract 70 

 Combustion of fossil fuel is the dominant source of greenhouse gas emissions to the atmosphere 71 

from California. Here, we describe radiocarbon (14CO2) measurements and atmospheric inverse 72 

modeling to estimate fossil fuel CO2 (ffCO2) emissions for 2009 - 2012 from a site in central California, 73 

and for June 2013 - May 2014 from two sites in southern California. A priori predicted ffCO2 mixing 74 

ratios are computed based on regional atmospheric transport model (WRF-STILT) footprints and an 75 

hourly ffCO2 prior emission map (Vulcan 2.2). Regional inversions using observations from the central 76 

California site suggest that emissions from the San Francisco Bay Area (SFBA) are higher in winter 77 

and lower in summer. Taking all years together, the average of a total of fifteen 3-month inversions 78 

from 2009 - 2012 suggests ffCO2 emission from SFBA was within 6 ± 35% of the a priori estimate for 79 

that region, where posterior emission uncertainties are reported as 95% confidence intervals. Results 80 

for four 3-month inversions using measurements in Los Angeles South Coast Air Basin (SoCAB) 81 

during June 2013 - May 2014 suggest that emissions in SoCAB are within 13 ± 28% of the a priori 82 

estimate for that region, with marginal detection of any seasonality. While emissions from the SFBA 83 

and SoCAB urban regions (containing ~ 50% of prior emissions from California) are constrained by 84 

the observations, emissions from the remaining regions are less constrained, suggesting that additional 85 

observations will be valuable to more accurately estimate total ffCO2 emissions from California as a 86 

whole. 87 

 88 

1 Introduction 89 

 Fossil fuel combustion is currently the main source of increasing atmospheric CO2, driving 90 

changes in Earth’s radiative balance, increasing surface temperatures and threatening the stability of the 91 

ecosystem services the Earth provides (IPCC, 2013). Global average CO2 concentration has increased 92 

about 40% from the level of 278±2 ppm at 1750 to over 400 ppm in recent years (Etheridge et al., 1996; 93 
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NOAA, 2018). Emissions in urban regions contribute ~70% of the total global fossil fuel CO2 (ffCO2) 94 

emissions (UN, 2016). In California, ffCO2 emissions in San Francisco Bay Area (SFBA) and South 95 

Coast Air Basin (SoCAB) are about half of the state’s total ffCO2 emission (Gurney et al., 2009). In 96 

2006, California enacted legislation designed to reduce greenhouse gas emissions (Legislative 97 

Information, 2006), so it is important to assess ffCO2 emissions over time to verify those target 98 

reductions are occurring with more temporal and spatial observations. 99 

 100 

 Emission of ffCO2, as well as other greenhouse gases (GHGs), can be estimated by both the 101 

‘bottom-up’ and ‘top-down’ methods. The bottom-up inventories determine the fossil fuel emissions 102 

using data on fuel use, emitting activities, locations of power plants and spatial proxies (Gurney et al., 103 

2009 and Gurney et al., 2012). However, bottom-up estimates may be limited by incomplete 104 

knowledge of processes that contribute to GHGs emissions. The ‘top-down’ method of atmospheric 105 

inversion uses bottom-up emission estimates of GHGs in conjunction with atmospheric observations 106 

and meteorological Lagrangian transport models to estimate GHG emissions (e.g., Gerbig et al., 2003). 107 

Top-down methods have not yet been widely used for ffCO2, however. 108 

 109 

 The State of California estimates emissions using bottom-up activity data including fuel sales 110 

and other data (CARB, 2016). As part of efforts to control emissions, it is valuable to independently 111 

evaluate the emission inventories using atmospheric measurements. Recent work has examined 112 

regional ffCO2 emissions from California for short periods (e.g. Turnbull et al., 2011; Pataki et al., 2003; 113 

Newman et al., 2013; Brioude et al. 2012), and methods are being developed to monitor urban systems 114 

(Kort et al., 2013; Turnbull et al., 2015) as well as larger regions (Levin et al., 2008; Basu et al., 2016; 115 

Fischer et al. 2017; Graven et al., 2018). Graven et al., 2018 estimated ffCO2 emissions across 116 

California using multiple towers, including the three we use here, for three one-month periods in 2014-117 
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15 and found that estimated emissions were consistent with those reported by the State of California. 118 

To our knowledge, there have not been estimates of ffCO2 emissions over urban regions of SFBA and 119 

SoCAB using inversion modeling covering complete, continuous, annual timescales.  120 

 121 

 In this paper, we will describe atmospheric observation-based estimates of ffCO2 emissions for 122 

SFBA and SoCAB, the two dominant major urban (and emitting) regions of California as shown in 123 

Figure 1, which will make use of the four-year (2009-2012) tower-based observation data in SFBA and 124 

one-year data (2013-2014) to assess the annual and seasonal trend in SFBA and seasonal trend in 125 

SoCAB. In the methods section, we describe measurements of atmospheric 14CO2 at three California 126 

sites, their use to estimate ffCO2 enhancements, prediction of expected ffCO2 enhancements using a 127 

priori emission maps and atmospheric transport models, and estimation of posterior ffCO2 emissions 128 

via Bayesian inversion. In the results, we report results for estimated ffCO2 enhancements, and 129 

estimated annual and seasonal ffCO2 emissions for SFBA and SoCAB. We then compare annual mean 130 

emissions with California’s reported ffCO2 emissions. 131 

 132 

2 Methods 133 

2.1 Air sampling and 14CO2 measurements 134 

 Air  wa s c o l l ec t ed  in  f l a sk s a t  o n e s it e  in  c en t r a l Ca l if o r n ia  (WGC 135 

(Wa l n u t  Gr o v e): 38.27°N, 121.49°W) a n d  t wo  s it es  in so u t h er n  Ca l if o r n ia  (CIT 136 

(Ca l if o r n ia  In st it u t e o f  Tec h n o l o g y  in  Pa sa d en a ): 34.14°N, 118.12°W a n d  SBC (Sa n  137 

Ber n a r d in o ): 34.09°N, 117.31°W) (see Fig u r e 1 f o r  sit e  l o c a t io n s a n d  d ef in it io n  o f  138 

t h e r eg io n s u sed  f o r  t h e in v er s io n s). Da t a  f r o m su bset s  o f  t h ese s it es  h a v e been  139 

u sed  f o r  pr ev io u s r eg io n a l  est ima t es o f  met h a n e (Jeo n g  et  a l ., 2012a ; 2013; 2016; 140 

2017) n it r o u s o x id e (Jeo n g  et  a l ., 2012b; Jeo n g  et  a l ., 2018), a n d  f f CO2 emiss io n s in  141 
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Ca l if o r n ia  (Gr a v en  et  a l ., 2018), a n d  t o  in v est ig a te f f CO2 in  So u t h er n  Ca l if o r n ia  142 

(Newma n  et  a l ., 2013; 2016). In  t h e c u r r en t  s t u d y , a ir  sa mpl in g  met h o d s a n d  143 

a n a l y s is  d if f er ed  s l ig h t l y  a mo n g  t h e d if f er en t  s it es . Fo r  WGC, a ir  sa mpl es w er e 144 

c o l l ec t ed  u s in g  a u t o ma t ed  f l a sk  pa c k a g es a s pa r t  o f t h e NOAA Gl o ba l  145 

Gr een h o u se Ga s Ref er en c e Net wo r k  (An d r ews et  a l ., 2014). Air  wa s c o l l ec t ed  146 

in t o  f l o w-t h r o u g h  f l a sk s f o r  a ppr o x ima t el y  2 min u t es a t  1400 PST (2200 UTC) 147 

a ppr o x ima t el y  ev er y  2-3 d a y s f r o m 91 m a bo v e t h e g ro u n d  a f t er  pa ss in g  t h r o u g h  148 

a  wa t er  t r a p a t  5°C. At  CIT, t h e a ir  w a s c o l l ec t ed  o n  a l t er n a t e d a y s a t  ~10 m 149 

e l ev a t io n  a bo v e g r o u n d  f o r  a ppr o x ima t el y  1 min u t e at  1400 PST in t o  ev a c u a t ed  150 

o n e-l it er  Py r ex  f l a sk s a f t er  pa ss in g  t h r o u g h  Mg (Cl O4)2 t o  d r y  t h e sa mpl es. At  151 

SBC, a ir  sa mpl es wer e c o l l ec t ed  a t  a  h eig h t  o f  58 m a bo v e g r o u n d  ev er y  t h r ee 152 

d a y s f r o m 1400 - 1500 PST in  1-h r  a v er a g es by  v a r y in g  t h e f l o w  t h r o u g h  2-l it er  153 

f l a sk s a f t er  pa ss in g  t h r o u g h  a  wa t er  t r a p a t  5°C.  154 

 155 

 Air  sa mpl es f r o m WGC wer e sen t  t o  t h e NOAA Ea r t h  Sy st em Resea r c h  156 

La bo r a t o r y  f o r  mea su r emen t  o f  t o t a l  CO2, δ13CO2 a n d  o t h er  s t a bl e g r een h o u se 157 

g a ses a n d  r ea c t iv e spec ies n o t  u sed  in  t h is  s t u d y . CO2 a n d  δ13C wer e mea su r ed  158 

w it h  pr ec is io n  a t  o r  bet t er  t h a n  0.1 ppm a n d  0.01 ‰, r espec t iv e l y  (Andrews et al., 159 

2014). CO2 sa mpl es c o l l ec t ed  by  a ppr o x ima t el y  2-3 d a y s wer e ext r a c t ed  a n d  160 

g r a ph it ized  a t  t h e Un iv er s it y  o f  Co l o r a d o  (Tu r n bu l l e t  a l ., 2007). �14C wa s 161 

a n a l y zed  by  a c c el er a t o r  ma ss spec t r o met er  a t  t h e Kec k -CCMAS f a c il it y  a t  t h e 162 

Un iv er s it y  o f  Ca l if o r n ia , Ir v in e, u s in g  t h e met h o d s d esc r ibed  in  Newma n  et  a l ., 163 

2013 a n d  Xu  et  a l ., 2007. Fo r  t h e CIT a n d  SBC sa mples, CO2 wa s ex t r a c t ed  f r o m t h e 164 

a ir  sa mpl es c r y o g en ic a l l y , a n d  a n a l y zed  f o l l o w in g  th e met h o d s d esc r ibed  in  165 
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Newma n  et  a l ., 2008. In d iv id u a l  f l a sk  sa mpl es wer e a n a l y zed  f o r  �14C week l y  f o r  166 

SBC a n d  bi-week l y  f o r  CIT by  a c c el er a t o r  ma ss spec tr o met er  a t  t h e Kec k -CCMAS 167 

f a c il it y  a t  t h e Un iv er s it y  o f  Ca l if o r n ia , Ir v in e a s wel l . Un c er t a in t y  in  mea su r ed  168 

CO2 c o n c en t r a t io n s a t  bo t h  CIT a n d  SBC s it es  a v er a g es ± 1.4 ppm a n d  δ13C ± 169 

0.15‰, wh er e t h e l a r g e u n c er t a in t y  in  CO2 is  d o min a t ed  by  ma n o met r y  w it h  170 

sma l l er  c o n t r ibu t io n s f r o m ex t r a c t io n  a n d  ma ss spect r o met r y . Un c er t a in t y  171 

f o r  �14C is  2‰, ba sed  o n  t h e l o n g -t er m r epr o d u c ibil it y  o f  sec o n d a r y  s t a n d a r d s  172 

(Newma n  et  a l ., 2013). 173 

 174 

2.2 Estimation of atmospheric fossil fuel CO2  175 

Lo c a l  en h a n c emen t s  (a bo v e ba c k g r o u n d ) o f  a t mo sph er ic  CO2 d u e t o  f o ss il  176 

f u el  c o mbu st io n  wer e c o mpu t ed  u s in g  a  ma ss ba l a n c e bet ween  l o c a l  a n d  177 

ba c k g r o u n d  mea su r emen t s  o f  CO2 u s in g  �14C (e.g ., Mil l er  et  a l ., 2012; Tu r n bu l l  e t  178 

a l ., 2006) a c c o r d in g  t o : 179 

 180 

Cobs = Cbg + ffCO2 + Cr - Cp    (1) 181 

  182 

∆obsCobs = ∆bgCbg + ∆ffffCO2 + ∆rCr - ∆pCp                                      (2) 183 

 184 

wh er e C is  t h e mix in g  r a t io  o f  CO2, � is  t h e �14CO2, o bs is  a  l o c a l  o bser v a t io n , 185 

bg  is  ba c k g r o u n d , f f  is  f o ss il  f u e l  c o mpo n en t , p is n et  pr ima r y  pr o d u c t iv it y  a n d  r  186 

is  heterotrophic respiration, respectively. Th e impa c t s  o f  a ir -sea  f l u x es, n u c l ea r  emiss io n s 187 

a n d  o t h er  t y pes o f  b io f u el  c o mbu st io n  su c h  a s wo o d  o n  �14CO2 a r e sma l l  a s  188 

r epo r t ed  in  Gr a v en  et  a l ., 2018 a n d  ig n o r ed  a s wel l in  t h is  s t u d y . So l v in g  t h e 189 
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a bo v e eq u a t io n  f o r  ffCO2, w it h  t h e a ssu mpt io n  t h a t  �p = �bg, y ie l d s 190 

 191 

( ) ( )
bgff

bgrr

bgff

bgobsobs CC
=ffCO

∆−∆
∆−∆

−
∆−∆

∆−∆
2      (3) 192 

 193 

In the following work, we estimate Cbg and ∆bg from smoothed records of Pt. Barrow, AK 194 

(Newman et al., 2016) since it has the data available in the study period. Measurements of �
14CO2 were 195 

similar to clean air sampled at La Jolla, CA in 1999-2007 (Graven et al., 2012; Newman et al., 2016) 196 

and the difference in calculated ffCO2 at CIT using La Jolla or Barrow data was very small (~1%) 197 

(Newman et al., 2016). Raw radiocarbon data for WGC are compared to smoothed background results 198 

from Pt. Barrow in Figure 2 top. ∆ff is -1000 per mil for fossil fuel because fossil fuels are assumed not 199 

to contain any 14C due to decay of this short-lived radionuclide after millions of year (Newman et al., 200 

2016). Because ∆r is similar to ∆bg as compared with ∆ff, the 2nd term in Equation 3 is assumed to 201 

follow a sinusoid with a small amplitude that varies with site following the approach described by 202 

Turnbull et al., 2006. We approximated the respiration term to vary from -0.2 ppm in winter to -0.5 203 

ppm in summer for WGC (Turnbull et al., 2011; Fischer et al., 2017). Observations of ∆
14C and ffCO2 204 

at WGC are shown in Figure 2 for the period from March 2009 – November 2012. ffCO2 mixing ratios 205 

for WGC for the 2009-2012 study period are show in Figure 2 bottom. Fo r  CIT a n d  SBC, wh er e 206 

r espir a t io n  is  sma l l er  a n d  f o ss il  f u e l  14C d epl et io n  o f  r espir ed  bio ma ss CO2 is  207 

l ik e l y  g r ea t er , we used 0.06 in winter) to 0.11 ppm in summer following Newman et al., 2016. 208 

For comparison with Graven et al., 2018, respiration corrections of magnitude 0.1 – 0.8 ppm at WGC 209 

and 0.0 – 0.5 ppm at CIT and SBC were calculated by simulating Cr using a biosphere model and 210 

atmospheric transport model, and using recent observations of ∆r. While these more recent estimates 211 

are larger than our estimates of the respiration correction, the differences are small compared to the 212 
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estimated ffCO2 shown in Figure 2. 213 

 214 

2.3 Prior emission maps 215 

 A priori ffCO2 emission maps are prepared using the spatial and temporal distribution of the 216 

hourly Vulcan emission maps (version 2.2) developed for the 2002 emission year (Gurney et al., 2009; 217 

http://vulcan.project.asu.edu/). To estimate prior emissions for the years in this study, we scale the 218 

Vulcan emission maps by emission source sector to match in-state bottom-up ffCO2 estimates provided 219 

by the California Air Resources Board (CARB) sector-specific greenhouse gas inventory for 2012 220 

(CARB, 2014). The annual emissions for 2012 based are 343 Tg CO2/yr (CARB, 2014). For reference, 221 

the emissions for 2009 – 2012 are 341, 337, 329 and 336 Tg CO2/yr, respectively, in a more recent 222 

version of the inventory (CARB, 2016), varying by less than 4%. For the region outside the US (e.g., 223 

part of Mexico, Canada) where the Vulcan emissions are not available, the global Fast Track EDGAR 224 

2010 emission inventory (EDGAR4.2) is used. The source sector definitions and the annual emissions 225 

from these sectors are listed in Table 1. The difference between the raw Vulcan and CARB at 2012 226 

(CARB, 2014) annual emissions for the cement production (CEM), industrial (IND), on-road mobile 227 

(MOB) and residential (RES) sectors is small relative to the CARB inventory (< 10%), while other 228 

sectors show larger variations up to a factor of 2.5 for aircraft (AIR), 70% for commercial (COM), 74% 229 

for non-road mobile (NON) and -29% for power production (UTL). Hence, the scaling of the original 230 

Vulcan emission to that of CARB leads to slightly different spatial distributions of ffCO2 emissions for 231 

some sub-regions comparing with original Vulcan map. In order to retain variations in ffCO2 emissions 232 

for weekdays relative to weekends we matched the weekday and weekend emission patterns of the 233 

CARB-scaled emission map to those of the original 2002 Vulcan data. The final annual average total 234 

emission map (summing from all source sectors) used for computing the predicted signals is shown in 235 

Figure 1. ffCO2 emissions are strongest in SoCAB and SFBA.  236 
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 237 

 We use the combined CARB-scaled Vulcan and EDGAR (outside the Vulcan domain) emission 238 

map as our primary estimate of prior emissions but also use six other emission maps (Table S1) to 239 

evaluate the sensitivity of the inverse estimates to assumed prior emissions (Table 1). These include (1) 240 

the original (un-scaled) hourly-resolved Vulcan emission map within California and the EDGAR 241 

emission map out of the Vulcan domain, (2) the annual mean of the original (un-scaled) Vulcan 242 

emission and EDGAR map outside of the Vulcan domain, and (3) the EDGAR map alone (hereafter, 243 

original Vulcan, annual original Vulcan and EDGAR emission maps) (Figure 1). The other three maps 244 

are (4 and 5) the scaled Vulcan map scaled by factors of 0.5 and 2, and (6) a flat prior map with a 245 

uniform flux of 1 umol/m2/s in each grid cell. The annual emissions in each region of California (see 246 

Figure 1 for the regions) are listed in Table S1 for all prior maps used in this study. Here, prior 247 

emissions are 62 – 64 Tg CO2/yr in SFBA (R07) and 105 - 128 Tg CO2/yr in SoCAB (R12) across the 248 

different versions of Vulcan and EDGAR. As shown in Table S1, the emission differences are large 249 

between the flat prior map and the scaled Vulcan map, and those differences are used to define the prior 250 

emission uncertainty in the inversion. We note that the uncertainty of the flat flux prior emission varies 251 

among the 17 regions. 252 

 253 

2.4 Atmospheric transport modeling 254 

 The WRF-STILT (Weather Research and Forecasting and Stochastic Time-Inverted Lagrangian 255 

Transport) model (Lin et al., 2003; Skamarock et al., 2008; Nehrkorn et al., 2010) is used to simulate 256 

ffCO2 concentrations. For the inter-annual analysis for WGC during March 2009 – December 2012, we 257 

use the WRF simulations from Jeong et al. 2012a; 2012b; 2013. The WRF set-up for these simulations 258 

is summarized in Table S2 (for details see Jeong et al., 2012a; 2012b; 2013 and 2016; Bagley et al., 259 

2017). For June 2013 – May 2014, WRF3.5.1 is used to simulate meteorology for nested domains with 260 
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36, 12 and 4 km resolution (d01, d02, and d03) and two domains of 1.3 km resolution (d04 and d05) as 261 

shown in Figure S1. The d03 domain (with 4 km horizontal resolution) covers most of California; d04 262 

and d05 (with 1.3 km resolution) are used to represent the metropolitan area of Los Angeles and the 263 

San Francisco Bay Area, respectively. As with previous work, the WRF model was run with two-way 264 

nesting with 50 vertical levels to resolve meteorology over complex terrain features of California. 265 

Initial and boundary meteorological conditions are driven by the North American Regional Reanalysis 266 

data set (Mesinger et al., 2006). Based on the transport evaluation using measured and predicted CO 267 

mixing ratios (Bagley et al., 2017), we apply the Mellor–Yamada Nakanishi Niino 2 (MYNN2) scheme 268 

to model planetary boundary layer (PBL) for all the months for the CIT site. For the SBC site, the 269 

Yonsei University (YSU) scheme is used for November-January while MYNN2 is used for the other 270 

months since YSU boundary layer scheme enables a WRF parameterization designed to improve the 271 

representation of topographic effects (Bagley et al., 2017). For the land surface model (LSM), the Noah 272 

LSM is used for all seasons at both CIT and SBC (Newman et al., 2013). WRF simulations are 273 

conducted for each day separately, starting 6 hours before the day of simulation to provide model spin-274 

up (Jeong et al., 2012a; 2012b; 2013; Bagley et al., 2017).   275 

 276 

 Particle trajectories for each simulated receptor location and time point are estimated from the 277 

hourly WRF output by releasing an ensemble of 500 STILT particles at heights corresponding to the 278 

sampling locations: 91 m above ground (WGC), 10 m (CIT), and 58 m (SBC). The particles are run 279 

backward for 7 days driven by the WRF output within the smallest domain grid available for that 280 

location (i.e., d03, d02, d01 for WGC; and d04, d03, d02 and d01 for CIT and SBC). Footprints are 281 

computed by aggregation of particles weighted by the time spent at a given location and the inverse of 282 

the planetary boundary layer depth at that location. In Figure S2, it shows mean footprints for the  283 

flask receptors at sites of WGC (Jeong et al., 2012a; 2012b and 2013), CIT and SBC, which are 284 
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computed from the best schemes in the Bagley et al. 2017. Generally, footprint sensitivity is largest 285 

near the receptor sites and tracks the upwind direction backward in time. There are clear seasonal 286 

patterns for the distribution of footprints at the measured sites as seen in Figure S2. As in Jeong et al., 287 

2012a; 2012b; 2013; 2016; 2017 and 2018, we only use an observation in the inversion when the 288 

majority of the particles (80%) for that observation reach the western boundary of the modeling domain 289 

at 130°W. 290 

 291 

2.5 Bayesian inverse model 292 

2.5.1. Inversion approach 293 

 We use the scaling factor Bayesian inversion (SFBI) method used in previous studies (e.g., 294 

Jeong et al., 2012a; 2012b; 2013; Fischer et al., 2017), which relates model predictions to observations 295 

as,  296 

 297 

 c = Kλ + v                               (4) 298 

 299 

     where c is the observed background-subtracted mixing ratio. In this study, it represents the 300 

reconstructed ffCO2 that is calculated from Equation 3. K is the predicted mixing ratio computed from 301 

the footprint, F, and prior emissions, E, as K = FE. Here, λ is a set of scaling factors to scale prior 302 

emissions, and v is the model-data mismatch vector with covariance matrix R. R is a diagonal matrix 303 

representing the total uncertainty summed in quadrature by all error sources such as the measurement 304 

error and the transport error. Under Gaussian assumptions, the posterior estimate for λ is solved as 305 

 306 

 ( ) ( )prior
1
λ

T1
λ

T
post λQ+cRKQ+KRK=λ

−−−−− 111        (5) 307 
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 308 

where λprior is the a priori estimate for λ, and Qλ is the error covariance associated with λprior. The 309 

posterior error covariance for λ can be given as  310 

 311 

 ( ) 11 −−− 1
λ

T
post Q+KRK=V            (6) 312 

 313 

The SFBI method is used to estimate optimal emissions at both seasonal and annual temporal scales for 

the WGC site (central California) and the combined CIT and SBC sites (southern California) and 

negative mixing ratios are not included in the inversion modeling. The inverse modeling is 

implemented in two steps (first and final) as in Bergamaschi et al., 2005, and Jeong et al., 2012a; 2012b; 

2013. After the first inversion, the second/final inversion is conducted using data selected by another 

set of criteria, |ci – (Kλ)i|
2 < αRi where α is a factor applied to error covariance matrix Ri. The values 

of α are determined to optimize the chi-square statistics to ~1 (α range from 2 – 3). This process is 

similar to that of McKain et al., 2015 who excluded data points with model-data residuals > 3σ from 

the emission calculations. 

  314 

 Following previous work using the same inversion setup (Jeong et al., 2016; Fischer et al., 315 

2017), we estimate 17 scaling factors (i.e., 16 regions in California and one region outside California), 316 

representing the regions shown in Figure 1 (bottom right). Here, the regions used for the inversions are 317 

constructed following a map of 15 “air basins” classified by CARB for air quality control 318 

(https://www.arb.ca.gov/desig/adm/basincnty.htm), with a further subdivision of the San Joaquin Valley 319 

into northern (Region 8) and southern (Region 16) regions. We use the inversion setup previously 320 

established by Jeong et al., 2016 and Fischer et al., 2017, even though the limited number of sites we 321 
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have for ffCO2 here is not sufficient to provide observational constraints for all 16 regions in California. 322 

However, it was more convenient to use this existing setup than to modify the inversion setup. In the 323 

following analysis, we focus on emissions in central and southern California regions, particularly from 324 

SFBA (Region 7) and SoCAB (Region 12), because our observation sites are located in or near these 325 

regions and significant reductions in posterior uncertainties are found in the regions. We aggregate 326 

WGC observations into 15 individual 3-month (season) periods, 4 average “seasons” (combining same 327 

seasons from 2009-2012 together), and 4 years (combining data for each year together). For southern 328 

California, we estimate seasonal emissions (3-month averages) for the June 2013 - May 2014 period 329 

using the CIT observations alone, the SBC observations alone, and both CIT and SBC combined, 330 

respectively.  331 

 332 

2.5.2. Uncertainty estimates  333 

 In SFBI, the error covariance matrix, R, represents the expected model-measurement mismatch 334 

error for each observation. Here, R is expressed as a diagonal matrix assuming uncorrelated errors, 335 

where each element represents the total uncertainty (as a quadrature sum) from different error sources 336 

including the number of particles released, flux aggregation, errors in modeled atmospheric transport, 337 

estimated background mixing ratios (Gerbig et al., 2003; Zhao et al., 2009; Göckede et al., 2010; Jeong 338 

et al., 2013) and the error from the observation. 339 

 340 

 Following Fischer et al., 2017, we estimated the R matrix as a quadrature sum of two 341 

components: 1) the mean measurement error in estimated ffCO2, and 2) a term proportional to the mean 342 

observed ffCO2 signal from Equation 3 at each site since it is very complex to compute the R matrix 343 

explicitly from all sources, and the second term, which presents all of the model-related error sources 344 

aforementioned, tends to be dominated by atmospheric transport model error with a magnitude that is 345 
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generally about half of the background-subtracted atmospheric signals as shown in (Jeong et al., 2012a; 346 

2012b; 2013). Here, each component of R is calculated as 347 

 348 

 Ri = mean (ffCO2 observation error)^2  + (frac*mean(ffCO2 observation))^2  (7) 349 

 350 

where frac is the fraction to scale the mean seasonal reconstructed ffCO2, which is a ratio presenting 351 

how much the mean observed ffCO2 is considered in the R matrix. The average observed ffCO2 for 352 

each season is shown in Table 2 for different sites. To examine the sensitivity of posterior emission 353 

estimates to the assumed model-data mismatch uncertainty, three different values of 0.3, 0.5 and 0.7 are 354 

used for frac. For example, with a factor of 0.5, we prescribe 50% of the mean ffCO2. In the results, we 355 

focus on the result using the assumed factor of 0.5 and discuss the sensitivity test results depending on 356 

the assumption on the fractional error. We note this is a reasonable assumption because Bagley et al., 357 

2017 found that the annual fractional RMSE (root-mean-square error) of predicted CO versus observed 358 

CO for CIT, SBC, and WGC site were 0.35, 0.46 and 0.51, respectively, using similar meteorological 359 

simulations. Moreover, the median fractional RMSE estimated from the hierarchical Bayesian 360 

inversion (Graven et al., 2018) for CIT, SBC, and WGC ranged from 0.4 - 0.7, similar to the range we 361 

use. In this work, we use 1.4 ppm for ffCO2 observation error for all months at the CIT and SBC sites 362 

based on the estimated measurement errors described above, and less than 1.68 ppm for WGC 363 

depending on season. 364 

 365 

 Under the assumption that uncertainties in prior emissions are uncorrelated between different 366 

regions, the prior model uncertainty is expressed in the diagonal matrix Q. For this work, we assume 367 

that the uncertainty in the ffCO2 emissions at the air basin level is estimated at 25% (1-σ), based on a 368 

county level comparison of Vulcan emissions with an independent California-specific bottom-up fuel 369 
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use estimates for counties in California (de al Rue du Can et al., 2008). Under the assumption that the 370 

uncertainties between regions are uncorrelated, summing 25% emission uncertainties at the regional 371 

scale in quadrature yields a ~10% (1-σ) uncertainty in state-total ffCO2 emissions, similar to earlier 372 

assessments of likely uncertainty in annual ffCO2 emissions for countries with detailed accounting 373 

standards (NRC, 2010), and a recent comparison of multiple ffCO2 emission models reported by 374 

Fischer et al., 2017. The estimated multi-model uncertainty of ffCO2 prior emissions for SFBA 375 

obtained in a previous study by Fischer et al., 2017 was 23%, though the result for SoCAB was 10%. 376 

We calculated the uncertainty in annual emissions by averaging the uncertainty from each 3-month 377 

inversion. Here, we average the diagonal component of posterior uncertainty corresponding to each 378 

region (e.g., SFBA or SoCAB) which include the effect of uncertainties correlated with those from 379 

other regions (Jeong et al., 2013). The t-test was applied to check whether the estimated emissions are 380 

significantly different between summer and winter by using Welch's t-test (Welch, 1974). If p value is 381 

less than 0.05, it is significantly different, otherwise not. Here, we emphasize that measurement and 382 

model input uncertainties are reported as 1-sigma (68% confidence) intervals, while posterior emission 383 

estimates are reported as 2-sigma (95% confidence) intervals. 384 

 385 

3 Results 386 

3.1 ffCO2 mixing ratios 387 

 The ffCO2 mixing ratios at WGC are shown in Figure 3 (top) for the period from March 2009 – 388 

November 2012. Both the predicted (from the scaled Vulcan map) and observed ffCO2 vary with season 389 

in Figure 3, showing the largest ffCO2 in winter, consistent with the observed seasonality of boundary 390 

layer depth in California (Bianco et al., 2011). We acknowledge background, respiration, and difference 391 

in actual ffCO2 emissions are possible explanations for the variation as well. The average observed 392 

ffCO2 is larger than 6.5 ppm in all winters, while the ffCO2 in other seasons averages 3 - 6 ppm, as 393 
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shown in Table 2. For southern California, we make use of the measurements at CIT and SBC during 394 

the period of June 2013 - May 2014. Here, time averages of predicted daily ffCO2 from the scaled 395 

hourly Vulcan map are computed to match the aggregation of air samples as described in Section 2.1. 396 

As shown in Figure 3, the measured and predicted ffCO2 at CIT are much larger than those at SBC. 397 

 398 

3.2 ffCO2 emissions in central California 399 

3.2.1 Bayesian estimates of ffCO2 emissions in central CA 400 

  Results for Bayesian inversions for 15 seasons (omitting 2009 winter due to the small amount of 401 

data) are presented in Table 3. As described above, outliers are identified and removed after the first 402 

inversion. For most seasons, no more than two data points are removed, with an exception of summer 403 

2011 where three data points are removed. The average number of data points in the final inversion is 404 

21. 405 

 406 

 Table 3 provides a summary of best-fit regression slopes and RMS errors for predicted vs. 407 

observed ffCO2 in different seasons before and after the inversions. The optimization generally reduces 408 

the RMS error of (predicted vs. measured) ffCO2 and adjusts the best-fit slope toward unity. For 409 

instance, in spring 2012 the best-fit slope is improved from 1.48±0.65 (RMS error = 3.28 ppm) to 410 

1.39±0.29 (2.00 ppm), where uncertainties in slope are reported at 1-sigma. However, both the 411 

posterior regression slopes are roughly consistent with unity, suggesting consistency between predicted 412 

and measured ffCO2 signals. 413 

 414 

 The annual average posterior ffCO2 emissions for 2009 - 2012 are shown in Figure 4, calculated 415 

by averaging the four seasonal emission estimates in each year (with 2009 missing winter as described 416 

above). Averaging posterior emissions over the 2009-2012 period, posterior emissions (60 Tg CO2/yr) 417 
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are consistent with the prior (64 Tg CO2/yr) but uncertainty in the prior of 32 Tg CO2/yr is reduced to 418 

22 Tg CO2/yr, or roughly 50% uncertainty is reduced to 34% (where both are expressed at 2-sigma or 419 

95% confidence) for the SFBA, suggesting the WGC observations provide a constraint on SFBA 420 

emissions. Much smaller uncertainty reductions are obtained for the Sacramento and North San Joaquin 421 

Valley regions (12 Tg CO2/yr is reduced to 10 Tg CO2/yr and 6 to 5 Tg CO2/yr), and henceforth we 422 

focus on the SFBA. The posterior error covariance coefficients for SFBA, Sacramento and North San 423 

Joaquin Valley regions are less than 5%, indicating that posterior SFBA emissions weakly co-vary with 424 

those of other regions (Tarantola, 1987; Jeong et al., 2012a). 425 

 426 

 Emissions in SFBA vary seasonally with emissions of 61±21, 48±16, 62±23 and 69±29 Tg 427 

CO2/yr (all at 95% confidence) in spring, summer, fall, and winter, respectively, as shown in Figure 5. 428 

The higher emission in winter relative to summer is significant (applying Welch's t-test (Welch, 1974), 429 

p < 0.05). We note the seasonal variation in posterior emissions is larger than that estimated in the 430 

Vulcan 2.2, where SFBA emissions vary as 63, 59, 61 and 67 Tg CO2/yr in spring, summary, fall, and 431 

winter, respectively. This suggests that the observations provide additional information not contained in 432 

the prior emission map. Also, the variation of Vulcan prior map emission is mainly due to varied 433 

emission of resident usage, which is highest in winter and lowest in summer. The standard deviation of 434 

seasonal emission of residual usage is as large as 3.8 Tg CO2/yr, but they are less than 1 Tg CO2/yr for 435 

other emission sectors. Examining inter-annual variation, posterior emissions from SFBA are 57±20, 436 

70±22, 62±23, and 51±23 Tg CO2/yr for 2009 to 2012 (all at 95% confidence), respectively. The results 437 

do not show significant inter-annual variation in emissions (p > 0.05), nor any significant trend over the 438 

2009 -2012 period. 439 

 440 

 The results for the SFBA suggest that the observations provide variable constraint on posterior 441 
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emissions, with a maximum influence in summer and a minimum in winter. Following Turner et al., 442 

2015, we estimate the fractional constraint on posterior emissions provided by the observations relative 443 

to the constraint imposed by the prior in the seasonal average diagonal elements of the averaging kernel 444 

matrix (calculated as I – VpostQ
-1 where I is the identity matrix). Here, a value of unity suggests the 445 

observations constrain the emission fully while the value of zero indicates no constraint. The 446 

corresponding values for SFBA from the seasonal averaging kernel matrix are 0.58, 0.72, 0.45, 0.28 for 447 

spring, summer, fall, and winter, respectively, suggesting maximum constraint of 72% in summer and 448 

minimum constraint of 28% in winter. This variation is qualitatively consistent with the footprint 449 

analysis in this study and previous inversion results by Jeong et al., 2012a; 2012b; 2013; 2016 and 450 

2017 where the summer footprints of WGC are strongest from SFBA to the west of WGC constraining 451 

SFBA emissions. During winter, WGC footprints are strongest in the Central Valley, more weakly 452 

constraining SFBA.  453 

 454 

3.2.2 Sensitivity tests 455 

 We compare average posterior emissions for SFBA using the original Vulcan, annual average 456 

Vulcan, and EDGAR emission maps to examine the impact of prior emissions on the inversion result. 457 

As shown in Table 4, in each case, posterior emissions are indistinguishable from the estimate of 60±22 458 

Tg CO2/yr (95% confidence) obtained with the scaled Vulcan map. This means that scaling the Vulcan 459 

map doesn’t impact estimating the posterior emission in SFBA significantly. 460 

 461 

 Next, we assess the ability of the observations to correctly recover regional emissions when 462 

starting with false prior emissions, either multiplying the Vulcan map by 50% and 200% or starting 463 

with the flat prior map (Table 4). By design, the prior emissions from these false prior maps (32, 128 464 

and 24.3 Tg CO2/yr in SFBA) are quite different from the scaled Vulcan emissions (64 Tg CO2/yr) and 465 
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this test determines whether posterior emissions based on deliberately biased prior emissions are 466 

consistent with the posterior emissions based on the scaled Vulcan prior emission, within uncertainties. 467 

The posterior emissions obtained with the false prior maps are 40±14, 70±30 and 34±56 Tg CO2/yr (all 468 

at 95% confidence) for the 50% and 200% scaled Vulcan map and the flat prior map (Table 4), which 469 

are all consistent with the posterior obtained with the scaled Vulcan prior emissions (60 ± 22 Tg CO2/yr 470 

at 95% confidence). This suggests that the inversion system driven by the radiocarbon observations 471 

does provide some constraint on ffCO2 emissions in SFBA. For the flat prior map, the posterior 472 

uncertainty is very large, showing that it is necessary to use a prior map with realistic spatial 473 

distribution of emissions. This can be expected since ffCO2 emissions vary substantially over the SFBA 474 

region (Figure 1) and the WGC site may be sensitive to only part of the SFBA region.   475 

 476 

 Next, we examine the effect of varying the model-data mismatch uncertainty across three 477 

different factors (frac = 0.3, 0.5, and 0.7). We also analyze the sensitivity of inversion to background 478 

data filtering where we remove data for observations when less than 80% of the particle trajectories 479 

reach the western edge of the model domain at 130 °W (referred to as “ocean cut”). The reasoning 480 

behind this filtering is that the background values we have used may be unsuitable for air masses 481 

entering California from directions other than from the west. The posterior emissions based on different 482 

inversion set-ups are summarized in Table S3, with ratios between posterior and prior emissions in 483 

SFBA ranging from 0.76±0.16 to 0.94±0.35 (all at 95% confidence). The implementation of 484 

background data filtering tends to increase the posterior emissions (so they are more similar to the prior) 485 

and increase the posterior uncertainties, compared to excluding the background data filtering, likely 486 

because of the weaker data constraint from fewer observations in the inversion. As the posterior 487 

estimates from these tests are all similar, it appears that the posterior emissions are only weakly 488 

sensitive to the assumed model-measurement uncertainty and the inclusion of background data filtering. 489 
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 490 

 Last, we test the sensitivity of the inversion to the assumption on the prior uncertainty by using 491 

prior uncertainties ranging from 12.5% to 75% (as 1-sigma, equivalent to 35% to 150% at 95% 492 

confidence). Here, results for SFBA show that while posterior emissions vary with the assumed prior 493 

uncertainty (Table S4), they remain statistically indistinguishable (p > 0.05). This is because the mean 494 

changes by only 7% (58 – 62 Tg CO2/yr) while the posterior uncertainties are 23% or more, and 495 

proportional to the prior uncertainty. The increase of the posterior uncertainty with an increase in the 496 

prior uncertainty is typical in this type of inversion (Jeong et al., 2012a; Wecht et al, 2014), but the 497 

small changes in the central estimate of the posterior emissions suggests that it is not substantially 498 

affected by the assumed prior uncertainty. In addition, the posterior emission is 50 ± 22 Tg CO2/yr at 499 

95% confidence from the 50% scaled Vulcan map with the prior uncertainty of 50%, which is much 500 

closer to the ‘best estimated’ emission of 60 ± 22 Tg CO2/yr at 95% confidence than the inversion 501 

estimation from scaled hourly Vulcan map and 25% uncertainty. This further supports the reliability of 502 

the tests of sensitivity of the estimated emissions to the prior uncertainty are reliable suggesting our 503 

observations constrain the regional total emission for SFBA.  504 

 505 

 Taken together, the sensitivity tests described above demonstrate that the inverse estimates of 506 

ffCO2 emissions for the SFBA region are resilient to the choice of prior emission map (false maps, 507 

Vulcan maps and EDGAR maps), and prior emission and measurement-model uncertainties.  508 

 509 

3.3 ffCO2 emissions in southern California 510 

3.3.1 Bayesian estimates of ffCO2 emissions in southern CA 511 

 Applying the standard inversion with the scaled hourly Vulcan prior emissions (prior 512 

uncertainty = 25%, and frac = 0.5), the posterior emissions for seasonal inversions for southern 513 
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California sub-regions are shown in Figure 6. Here, the measurements from CIT and SBC reduce 514 

posterior uncertainty in SoCAB (region 12), with only minor uncertainty reductions in other regions, 515 

and so we focus on SoCAB. For SoCAB annual average posterior emissions are 124±31 Tg CO2/yr, 516 

consistent with the prior value of 109 ± 54 Tg CO2 /yr (where both are expressed at 95% confidence), 517 

but with a reduction of uncertainty. For comparison, inversions using only CIT or SBC data produce 518 

results that are similar to those above, with annual average posterior emissions of 124±42 and 113±35 519 

Tg CO2 /yr (all at 95% confidence) using either CIT or SBC, respectively.  520 

 521 

 Examining seasonality with all observations from CIT and SBC, the posterior emissions are 522 

118±28, 132±37, 114±31, 131±27 Tg CO2 /yr (all at 95% confidence) for spring, summer, fall, and 523 

winter, respectively, with slightly higher emissions in summer and winter when more electricity is used 524 

for air conditioning and heating, though the effects are not statistically significant (p > 0.05). These are 525 

consistent with the Vulcan 2.2 prior map that the emission variation is contributed by sectors of the 526 

transportation, residual residual usage and power production with standard deviation of 3, 5 and 3 Tg 527 

CO2 /yr in comparison with other sectors less than 1 Tg CO2 /yr. The higher emission in the winter is 528 

mainly contributed by the resident usage, and the higher emissions in summer are due to mobile on 529 

road and power production. 530 

 531 

 Here, the emissions for SoCAB (Region 12) show normalized covariance of -0.03 with Region 532 

13, which suggests only a weak correlation between the two adjacent regions and further indicates the 533 

SoCAB emissions have been estimated independently. As above, we also estimate the diagonal 534 

elements of the averaging kernel matrix following Turner et al., 2015, finding values for SoCAB of 535 

0.72, 0.58, 0.64 and 0.77 for spring, summer, fall and winter, respectively. This result indicates that 536 

overall, the emissions in SoCAB are constrained by the observations somewhat better than in SFBA, 537 
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likely due to the fact that observations from two sites are used to constrain SoCAB emissions and 538 

because the ffCO2 signals are larger.  539 

 540 

3.3.2 Sensitivity tests 541 

 Applying the tests with false prior maps in SoCAB (w/ prior emissions of 55, 218 and 32 Tg CO2 542 

/yr), posterior emissions are 81±22, 130±36 and 79±82 Tg CO2 /yr (all at 95% confidence) are 543 

statistically indistinguishable for the 50% and 200% Vulcan emission maps, and the flat flux prior map, 544 

respectively. These results are also consistent with the result obtained with the scaled hourly Vulcan 545 

prior emission, suggesting that the observations and modeling system are effective in estimating 546 

posterior emissions (albeit with greater uncertainty) despite a substantially incorrect prior assumption. 547 

 548 

 The sensitivity tests on the model-measurement uncertainty, time averaging of the prior, and 549 

removal of data for the case when particle trajectories do not reach the western edge of the model 550 

domain are summarized in Table S5. Here, the scaling factors (ratio of posterior to prior) range from 551 

1.06±0.17 to 1.19±0.11 at 95% confidence depending on the assumptions. With the exception of a very 552 

small model-measurement uncertainty (frac = 0.3), the variations in posterior emissions are small. In 553 

addition, when the scaled Vulcan prior emissions are replaced with the original Vulcan, annual original 554 

Vulcan and EDGAR emission maps, the posterior emissions change by no more than 3 Tg CO2/yr, 555 

compared to the posterior uncertainties of 30 Tg CO2/yr (Table 5).  556 

 557 

 The results show weak sensitivity to the choice of prior uncertainty (posterior/prior factor shown 558 

in Table S4) and statistically indistinguishable posterior emissions among different assumptions, 559 

suggesting that the inversions are only weakly sensitive to the prior uncertainties. In addition, the 560 

estimated emission using scaled Vulcan map by 50% with 50% 1-sigma prior uncertainty assumption is 561 
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107±30 Tg CO2 /yr at 95% confidence, which is consistent with the estimate of 124±31 Tg CO2/yr at 562 

95% confidence from scaled Vulcan map with 25% 1-sigma prior uncertainty. This results further 563 

support that the inversion result is not strongly influenced by our choice of prior uncertainty. 564 

  565 

 As with the results for central California, these sensitivity tests demonstrate that the SoCAB 566 

measurements provide constraint on posterior ffCO2 emissions that are consistent across a range of 567 

prior emission maps (false maps, Vulcan maps and EDGAR map), different inversion setting ups 568 

(different ways of combining data, different fraction values for R etc.) and different prior uncertainties 569 

(seeing Table 5). Furthermore, scaling the Vulcan map doesn’t impact the estimation of emissions in 570 

SoCAB significantly seeing Table 5. 571 

 572 

4. Discussion  573 

 The estimated total emissions for SFBA averaged over the 2009 – 2012 period is 60±22 Tg 574 

CO2/yr at 95% confidence, which is 94 ± 35% of prior emissions for the region. Our inter-annual 575 

analysis for SFBA (see Figure 4) does not detect a significant inter-annual variation or trend in 576 

emissions. However, the seasonal variation in posterior emissions is statistically significant with 577 

emissions larger in winter than summer, consistent with variations in natural gas consumption in the 578 

SFBA (PG&E, 2016). Although Vulcan 2.2 prior map shows the seasonal variation is mainly 579 

contributed by the resident usage, source inversion will be helpful for the source-appointed study of 580 

ffCO2 emission in the future with additional tracer such as CH4. 581 

 582 

 Comparing with other studies, the estimated annual emissions in SFBA (and SoCAB) are 583 

consistent with the shorter term estimates obtained in Graven et al., 2018. However, the uncertainty 584 

reduction obtained in this work (1-posterior uncertainty/prior uncertainty) is smaller than that predicted 585 
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by Fischer et al., 2017 (Table 4) or obtained by Graven et al., 2018 (Figure 3). This may be due to those 586 

studies using more measurement sites than the three tower sites used in this study (Brophy et al., 2018). 587 

Thus, it is necessary to adopt measurements from multiple towers in the inversion estimation. We note 588 

that more data may effective in reducing uncertainty in SFBA ffCO2 emissions if transport model bias 589 

errors are < 10%, as suggested by the evaluation of modeled wind speed and wind direction described 590 

by Bagley et al., 2017.  591 

 592 

 The inversion analysis using the combined measurements from SBC and CIT for June 2013 to 593 

May 2014 obtains posterior emissions of 124±31 Tg CO2/yr at 95% confidence in SoCAB, which is are 594 

within 13 ± 28% of prior emissions for the region. Contrasting with the SFBA, SoCAB emissions 595 

appear marginally higher in summer than in other seasons, consistent with the work of Newman et al., 596 

2016. However, detection of any significant seasonality would likely require more observations. 597 

Different with the SFBA region, the seasonal variation of ffCO2 emission in SoCAB are contributed by 598 

more sources from the Vulcan 2.2 prior map such as transportation, resident usage and power 599 

production, thus it will request more tracers in the future source inversion such as CH4, CO and others. 600 

 601 

 With respect to additional potential sources of error, we speculate that inadequate spatial 602 

resolution in the Vulcan emission map may contribute to aggregation error in the model-data mismatch 603 

(R) matrix. For example, Feng et al., 2016 show the RMSE of ffCO2 between the WRF-Vulcan (1.3-km 604 

resolution map derived from the 10-km Vulcan map) predictions and in-situ measurements at Pasadena 605 

site is 5.51 ppm which is slightly smaller than 6.21 ppm for WRF-Hestia (1.3km resolution) modeling. 606 

However, uncertainties in the spatial distribution of ffCO2 may increase at smaller scales (Hogue et al., 607 

2016). Emissions in Vulcan tend to be less concentrated in urban regions compared to other emissions 608 

estimates such as EDGAR (Brophy et al., 2018). Here, simulated inversion experiments in California 609 
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using the same measurement network as in Graven et al., 2018 found that posterior estimates emissions 610 

obtained using the EDGAR prior were consistently lower (although not significantly different) than 611 

that obtained using the Vulcan prior (Brophy et al., 2018).    612 

 613 

 In conclusion, the inversions reported here provide annually averaged estimates of urban ffCO2 614 

emissions for SFBA over the 2009-2012 period and SoCAB over the June 2013-May 2014 period. 615 

Together these regions comprise ~50% of total emissions in California. Further work including ∆14CO2 616 

observations at more sites across California is expected to improve estimates of fossil fuel CO2 617 

emissions in California. 618 
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Tables 853 

Table 1. Annual Fossil Fuel CO2 Emissions by Sector for Original and Scaled Vulcan Emissions and 854 
CARB 2012 Inventory (unit = Tg CO2/yr). 855 

Source Sectors Vulcan V2.2 
Original 

Vulcan V2.2 
Scaled 

CARB GHG 
Inventory 

AIR (aircraft) 7.08 2.80 2.80 
CEM (cement production) 6.38 6.89 6.89 
COM (commercial) 24.18 14.13 14.12 
IND (industrial) 68.36 75.88 75.87 
MOB (on-road mobile) 145.55 152.22 152.19 
NON (non-road mobile) 16.65 9.58 9.58 
RES (residential) 28.26 27.81 27.74 
UTL (power production) 38.24 53.73 53.74 

State Total 335.7 343.0 342.9 
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 856 

Table 2. Mean reconstructed ffCO2 observed at WGC during 2009-2012 and at CIT and SBC during 
2013 - 2014 (unit = ppm). 

Site Year Winter Spring Summer Fall 
WGC 2009 NA 3.0 3.5 5.1 
WGC 2010 8.0 2.9 4.5 5.8 
WGC 2011 7.1 3.4 3.3 4.9 
WGC 2012 6.6 3.1 3.4 4.1 
CIT 2013-2014 25.0 21.6 25.9 21.5 
SBC 2013-2014 8.2 5.1 11.0 10.2 

 857 
 858 
 859 
 860 

Table 3. Best-fit slopes from regression of predicted ffCO2 from scaled Vulcan map vs. observed ffCO2 
at WGC (at 1-sigma, 68% confidence) before and after inversion during 2009 - 2012 (prior uncertainty 
=0.25, frac = 0.5 and ocean cut used). 

Year  Winter Spring Summer Fall 
2009 Before inversion NA 0.82±0.22 (1.91 ppm) 1.36±0.4 (2.86 ppm) 0.92±0.14 (2.92 ppm) 

 After final inversion NA 0.89±0.20 (1.38 ppm) 0.83±0.26 (1.90 ppm) 1.10±0.12 (2.09 ppm) 
2010 Before inversion 1.02±0.22 (3.53 ppm) 0.57±0.11 (1.99 ppm) 0.81±0.14 (2.22 ppm) 0.62±0.15 (4.01 ppm) 

 After final inversion 1.06±0.22 (2.89 ppm) 0.71±0.12 (1.66 ppm) 0.93±0.11 (1.46 ppm) 0.92±0.08 (1.77 ppm) 
2011 Before inversion 1.32±0.43 (5.36 ppm) 0.63±0.23 (2.6 ppm) -1.86±-2.77 (3.05 ppm) 1.49±0.85 (2.92 ppm) 

 After final inversion 1.04±0.22 (3.74 ppm) 0.84±0.23 (1.85 ppm) 1.53±0.74 (1.32 ppm) 1.35±0.51 (2.33 ppm) 
2012 Before inversion 0.42±0.46 (6.91 ppm) 2.90±1.06 (4.59 ppm) 1.54±0.67 (2.07 ppm) 1.48±0.65 (3.28 ppm) 

 After final inversion 1.42±0.47 (2.12 ppm) 1.00±0.49 (1.63 ppm) 1.15±0.54 (1.63 ppm) 1.39±0.29 (2.00 ppm) 
*The values in the parentheses are RMS errors.  861 
 862 
 863 
 864 
 865 
 866 
 867 
 868 
 869 
 870 
 871 
 872 
 873 
 874 
 875 
 876 
 877 
 878 
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Table 4. Prior and posterior ffCO2 emissions in units of Tg CO2/yr for the San Francisco Bay Area 879 
(uncertainty at 95% confidence) from all prior maps listed in first column based on 15 seasonal 880 
inversions for central California (prior uncertainty =0.25, factor for the R matrix = 0.5 and ocean cut 881 
used).  882 
 883 

Prior maps  Prior emissions Posterior emissions (unit = Tg CO2/yr) 

Scaled Vulcan map 64±32 60±22 

Original Vulcan map 62±31 62±23 

Annual original Vulcan map  62±31 61±23 

EDGAR map 64±32 65±25 

50% scaled Vulcan map 32±16 40±14 

200% Scaled Vulcan map 128±64 70±30 

Flat Flux map 24±12 34±56 

 

 

 

 

 

Table 5. Posterior ffCO2 emissions in SoCAB (posterior uncertainty at 95% confidence) from all prior 884 
maps listed in first column based on seasonal inversions for southern California (prior uncertainty 885 
=0.25; factor for the R matrix = 0.5; ocean cut used).  886 
 887 
Prior maps  Posterior emission (unit = Tg CO2/yr) 
Scaled Vulcan map 124±31 
Original Vulcan map 121±30 
Annual original Vulcan map  122±31 
EDGAR map 123±31 
50% Scaled Vulcan map 81±22 
200% Scaled Vulcan map 130±36 
Flat Flux map 79±82 
 888 
 889 
 890 
 891 
 892 
 893 
 894 
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 895 
Figures 896 
 897 

 898 
   899 
     900 
Figure 1. Scaled prior ffCO2 emissions from Vulcan V2.2 combined with EDGAR4.2 outside the US 901 
(top left); raw ffCO2 emission map from Vulcan V2.2 combined with EDGAR4.2 outside the US (top 902 
right); raw ffCO2 emission map of EDGAR4.2 (bottom left); region classification for ffCO2 inversion 903 
(right). This region map is same as the Air Basin map other than that the San Joaquin Valley was 904 
divided into two regions (Region 8 and Region 16).  905 
 906 

 907 
 908 
 909 

 910 
 911 
 912 

 913 
 914 
 915 
 916 
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 917 
 918 
Figure 2. Measured ∆14C of CO2 observed at WGC at 2009- 2012 (Dwgc in black) and the smoothed 919 
background (Dbg in red) obtained from Barrow, AK (top panel), and estimated fossil fuel CO2 for 920 
WGC (bottom panel). The error bar means uncertainties of ∆14CO2 and estimated fossil fuel CO2. 921 

 922 
 923 

 924 
 925 
 926 
 927 
 928 
 929 
 930 
 931 
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 932 

 933 
 934 
 935 
Figure 3. ffCO2 at WGC (top), CIT (middle) and SBC (bottom). Observed ffCO2 used in the first 936 
inversion (gray open circle), observed ffCO2 mixing ratio used in the final inversion (black filled circle), 937 
and WRF-STILT predicted ffCO2 mixing ratios from scaled Vulcan map (used in final inversion). The 938 
temporal label is month-year. 939 
 940 
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 941 

 942 
Figure 4. Annual average prior and posterior ffCO2 emissions from scaled Vulcan map (error bars 943 
show prior and posterior uncertainties at 95% confidence) based on 15 seasonal inversions in central 944 
California using measurements from WGC tower (factor for R matrix = 0.5; ocean cut used). SV, SFBA 945 
and SJV represent the Sacramento Valley (north Central Valley), San Francisco Bay Area, and the 946 
northern San Joaquin Valley (central Central Valley), each of which corresponds to Regions 3, 7 and 8, 947 
respectively (see Figure 1).  948 
 949 
 950 
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 951 
 952 
Figure 5. Seasonal average posterior ffCO2 emissions from scaled Vulcan map (posterior uncertainty at 953 
95% confidence) based on 15 seasonal inversions in central California using measurements from WGC 954 
tower (factor for R matrix = 0.5; ocean cut used). SV, SFBA and SJV represent the Sacramento Valley 955 
(north Central Valley), San Francisco Bay Area, and the northern San Joaquin Valley (central Central 956 
Valley) and they are Regions 3, 7 and 8 in Figure 1 (bottom right).  957 
 958 
 959 
 960 

 961 
 962 

 963 
 964 

 965 
 966 
 967 
 968 
 969 
 970 
 971 
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 972 
Figure 6. Seasonal posterior ffCO2 emissions from scaled Vulcan map (posterior uncertainty at 95% 973 
confidence) in regions of southern California using combined measurements from CIT and SBC towers 974 
(factor for the R matrix = 0.5; ocean flag used). MD, SCC, SoCAB, SS, SDC and SSJV represent the 975 
Mojave Desert, South Central Coast, South Coast Air Basin, Salton Sea, San Diego County, and 976 
southern San Joaquin Valley air basins, respectively and they are Regions 10, 11, 12, 13, 14 and 16 in 977 
Figure 2 (right).  978 






